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中，能够可逆地催化 H+的还原和 H2 的氧化(2H
+ + 2e- ↔ H2)。无论是在氢的制取
还是氢的利用中，氢酶都是氢能技术的核心之一。 
Klesiella oxytoca HP1 具有高效产氢的特性，且生长迅速，可用于大规模发酵
产氢。纤维素是世界上最丰富的生物质资源，也是微生物发酵制氢的理想底物。
虽然，Klesiella oxytoca HP1 单独发酵纤维素水解液中的葡萄糖或木糖的效率较
高，但无法高效地直接利用纤维素水解物混合液，这增加了发酵工艺的复杂度、
降低了发酵过程的转化率。为此，本文构建了 Klesiella oxytoca HP1 木糖异构酶
和木酮糖激酶的过表达菌株，来提高 Klesiella oxytoca HP1 直接利用纤维素水解
物混合液发酵产氢的效率，并消除或降低葡糖糖抑制效应对水解物混合液中木糖
利用的阻遏。结果表明，过表达菌株 HP1/xylA 和 HP1/xylB 单独发酵木糖的产氢




Klesiella oxytoca HP1 氢酶 3 具有一定的耐氧能力，本文对氢酶 3 的耐氧性进
行了探究。通过同源比对和定点突变分析，我们发现在氢酶 3 小亚基近端 Fe-S
簇附近增加额外的 Cys 可以提高其耐氧能力。结果表明，Gly47、Gly50、Gly113
和 Gly120 是关键的 Cys 突变位点。突变菌株 Gly47Cys，Gly50Cys，Gly113Cys，
Gly120Cys 和Gly50Cys-Gly120Cys 的耐氧产氢能力分别提高了 46.99%，42.15%， 
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提升。这表明 Klesiella oxytoca HP1 氢酶 3 小亚基近端 Fe-S 簇附近额外的 Cys 对
其耐氧能力有重要影响，为进一步开发高耐氧氢酶突变体和探究氢酶耐氧机制提
供了理论基础。 
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Abstract  
Facing energy crisis and global warming, the clean energy carrier H2 has been a 
hot spot with characters of renewability, zero-emission and high energy yield. 
Research on hydrogen energy mainly focuses on hydrogen production and hydrogen 
application. Among all hydrogen production modes, biohydrogen production has 
become a promising method because of its low cost, abundant source of raw materials 
and less environmental pollution. Hydrogenase is a kind of metal-containing 
oxidoreductase, which widely exists in microorganisms, catalyzing the reversible 
reaction of H+ reduction and H2 oxidation (2H
+ + 2e- ↔ H2). Hydrogenase is one of 
key factors in both biohydrogen production and hydrogen application. 
With characters of high hydrogen production efficiency and rapid growth, 
Klesiella oxytoca HP1 can be easily applied to large-scale fermentation hydrogen 
production. Cellulose is the most abundant biomass resources, and it is also ideal for 
hydrogen production by microbial fermentation as substrate. Although Klebsiella 
oxytoca HP1 has high efficiency in fermentation of separate glucose or xylose, it can 
not efficiently use cellulose hydrolyzate mixture, which increases the complexity of 
the fermentation process and reduces the conversion rate of substrate during the 
fermentation process. Therefore, recombinant strains with overexpression of xylose 
isomerase and xylulokinase were constructed to improve hydrogen production 
efficiency of cellulose hydrolyzate mixture fermentation and to eliminate or reduce 
glucose inhibitory effect on repressing xylose utilization in cellulose hydrolyzate 
mixture. Results showed that separate xylose fermentation rates of overexpression 
strains HP1/xylA and HP1/xylB reached 2.46±0.05 mol-H2/mol-Xylose and 1.93±0.05 
mol-H2/mol-Xylose respectively, and that of bamboo powder hydrolyzate mixture 
were also increased by 41.31% and 33.04% respectively. This meant that 
overexpression of xylose isomerase and xylulokinase could effectively improve the 
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Klesiella oxytoca HP1 hydrogenase 3 has a certain capacity of resisting to 
oxygen, and O2-tolerance of hydrogenase 3 has been studied in this work. With 
homologous alignment and site-directed mutagenesis analysis, we found that adding 
exrta Cys next to proximal Fe-S clusters in hydrogenase 3’s small subunit could 
improve its O2-tolerance. Results showed that Gly47, Gly50, Gly113 and Gly120 were 
critical Cys mutation sites, and O2-tolerant abilities of mutant strains Gly47Cys, 
Gly50Cys, Gly113Cys, Gly120Cys and Gly50Cys-Gly120Cys were increased by 
46.99%, 42.15%, 59.19%, 44.74% and 78.72% respectively. In addition, varients 
(Gly47Cys, Gly50Cys, Gly113Cys, Gly120Cys and Gly50Cys-Gly120Cys) displayed 
higher activity in UV light-driven H2 production from water. This indicated that the 
extra Cys near proximal Fe-S clusters in small subunit had significant impact on its 
O2-tolerance, which provided a theoretical foundation for further development of 
highly O2-tolerant varients and exploration of O2-tolerant mechanisms.  





































































生物制氢主要依赖于氢酶的催化功能，其可逆地催化 H2 的氧化和 H
+的还原，
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转移至光合系统 I(PSI)。PSI 再转移 e-至铁氧还蛋白(Fd)中，Fd 将 e-传递给固氮
酶（蓝细菌）或[FeFe]-Hydrogenase（藻类）。Fd 电子也可以通过 Fd 氧化还原酶
转移到 NAD(P)+形成 NAD(P)H，再由 NAD(P)H 将 e-传递给[NiFe]-Hydrogenase
（蓝藻）。最终，固氮酶(N2 + 8H
+ + 8e- + 16ATP → 2NH3 + H2 + 16ADP)和氢酶
(2H+ + 2e- ↔ H2)催化 H
+和 e-产生 H2。蓝细菌和藻类的产氧光合产氢途径如图 1
所示： 
 
图 1 蓝细菌和藻类的产氧光合产氢途径[24] 
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